AGILE Observations, Data Analysis and Results
AGILE devoted a large amount of observing time to the region of PSR B1509-58. For details on AGILE observing strategy, timing calibration and γ-ray pulsars analysis the reader can refer to Pellizzoni et al. (2009a,b) . A total exposure of 3.8 × 10 9 cm 2 s (E > 100 MeV) was obtained during the 2.5 yr period of observations (July 2007 -October 2009) which, combined with AGILE effective area, gives our observations a good photon harvest from this pulsar.
Simultaneous radio observations of PSR B1509-58 with the Parkes radiotelescope in Australia are ongoing since the epoch of AGILE's launch. Strong timing noise was present and it was accounted for using the f itwaves technique developed in the framework of the TEMPO2 radio timing software (Hobbs et al. 2004 (Hobbs et al. , 2006 . Using the radio ephemeris provided by the Parkes telescope, we performed the folding of the γ-ray lightcurve including the wave terms (Pellizzoni et al. 2009a ). An optimized analysis followed, aimed at cross-checking and maximization of the significance of the detection, including an energy-dependent events extraction angle around source position based on the instrument point-spread-function (PSF). The chi-squared (χ 2 )-test applied to the 10 bin lightcurve at E > 30 MeV gave a detection significance of σ = 4.8. The unbinned Z 2 n -test gave a significance of σ = 5.0 with n = 2 harmonics. The difference between the radio and γ-ray ephemerides was ∆ P radio,γ = 10 −9 s, at a level lower than the error in the parameter, showing perfect agreement among radio and γ-ray ephemerides as expected, further supporting our detection and AGILE timing calibration.
We observed PSR B1509-58 in three energy bands: 30-100 MeV, 100-500 MeV and above 500 MeV. We did not detect pulsed emission at a significance σ ≥ 2 for E > 500 MeV. The γ-ray lightcurves of PSR B1509-58 for different energy bands are shown in Fig. 1 . The AGILE E > 30 MeV lightcurve shows two peaks at phases φ 1 = 0.39 ± 0.02 and φ 2 = 0.94 ± 0.03 with respect to the single radio peak, here put at phase 0. The phases are calculated using a Gaussian fit to the peaks, yielding a FWHM of 0.29(6) for the first peak and of 0.13(7) for the second peak, where we quote in parentheses (here and throughout the paper) the 1σ error on the last digit. The first peak is coincident in phase with COMPTEL's peak (Kuiper et al. 1999 ). In its highest energy band (10-30 MeV) COMPTEL showed the indication of a second peak (even though the modulation had low significance, 2.1σ ). This second peak is coincident in phase with AGILE's second peak (Fig. 1) . AGILE thus confirms the previously marginal detection of a second peak.
Based on our exposure we derived the γ-ray flux from the number of pulsed counts. The pulsed fluxes in the three AGILE energy bands were F γ = 10(4) × 10 −7 ph cm −2 s −1 in the 30-100 MeV band, F γ = 2.1(5) × 10 −7 ph cm −2 s −1 in the 100-500 MeV band and a 1σ upper limit F γ < 8 × 10 −8 ph cm −2 s −1 for E > 500 MeV. Fig. 2 shows the SED of PSR B1509-58 based on AGILE's and COMPTEL's observed fluxes. COMPTEL observations suggested a spectral break between 10 and 30 MeV. AGILE pulsed flux at energies E > 30 MeV confirms the presence of a soft spectral break, but the detection of significant emission at E > 100 MeV hints to a cutoff at slightly higher energies. As shown in Fig. 2 , we modeled the observed fluxes with a power-law plus cutoff fit using the Minuit minimization package (James et al. 1975 
, with three free parameters: the normalization k, the spectral index α, the cutoff energy E c and allowing β to assume values of 1 and 2. No acceptable χ 2 values were obtained for β = 2, while for an β = 1 we found χ 2 ν = 3.2 for ν = 2 degrees of freedom, corresponding to a null hypothesis probability of 0.05. The best values thus obtained for the parameters of the fit were: k = 1.0(2) × 10 −4 , α = 1.87 (9) , E c = 81(20) MeV.
Discussion
The bulk of the spin-powered pulsar flux is usually emitted in the MeV-GeV energy band with spectral breaks at ≤ 10 GeV (e.g. Abdo et al. 2010 ). PSR B1509-58 has the softest spectrum observed among γ-ray pulsars, with a sub-GeV cutoff at E ≈ 80 MeV.
When PSR B1509-58 was detected in soft γ-rays but not significantly at E > 30 MeV, it was proposed that the mechanism responsible for this low-energy spectral break might be photon splitting (Harding et al. 1997 ). The photon splitting (Adler et al. 1970 ) is an exotic third-order quantum electro-dynamics process expected when the magnetic field approaches or exceeds the critical value defined as B cr = m 2 e c 3 /(eh) = 4.413 × 10 13 G. In very high magnetic fields the formation of pair cascades can be altered by the process of photon splitting: γ → γγ.
In the case of PSR B1509-58 a polar cap model with photon splitting would be able to explain the soft γ-ray emission and the low energy spectral cutoff, now quantified by AGILE observations. Based on the observed cutoff, which is related to the photons' saturation escape energy, we can derive constraints on the magnetic field strength at emission, in the framework of photon splitting:
where ε esc is the photon saturation escape energy, B ′ = B/B cr and θ kB,0 is the angle between the photon momentum and the magnetic field vectors at the surface and is here assumed to be very small: θ kB,0 ≤ 0.57 • (Harding et al. 1997) . Using the observed cutoff (E = 80 MeV) we find that B ′ ≥ 0.3, which implies an emission altitude ≤ 1.3R NS , which is the height where also pair production could ensue. This altitude of emission is in perfect agreement with the polar cap models (see Daugherty & Harding 1996) Alternatively, an interpretation of PSR B1509-58 emission can be sought in the frame of the three dimensional outer gap model (Zhang & Cheng 2000) . According to their model, hard X-rays and low energy γ-rays are both produced by synchrotron self-Compton radiation of secondary e + e − pairs of the outer gap. Therefore, as observed, the phase offset of hard X-rays and low energy γ-rays with respect to the radio pulse is the same, with the possibility of a small lag due to the thickness of the emission region. According to their estimates a magnetic inclination angle α ≈ For these values, however, the Melatos model for the spin down of an oblique rotator predicts a braking index n > 2.86, slightly inconsistent with the observed value (n = 2.839(3)). Therefore, at present the geometry privileged by the state of the art measurements is best compatible with polar cap models. obtained from a fit of pulsed fluxes from soft to hard γ-rays. The circular points represent COMPTEL observations. The square points represent AGILE pulsed flux at 30 < E < 100 MeV and 100 < E < 500 MeV. The horizontal bar represents AGILE upper limit above 500 MeV.
